. A practical application is chosen to demonstrate the use of KE techniques in a real-life situation. The example that is chosen is the design of Fibre Metal Laminate (FML) fuselage skin panels for the Airbus A380 aircraft at Stork Fokker AESP, Papendrecht, The Netherlands. Within the FML engineering process, various opportunities for KBE applications are identified. The most beneficial KBE application is the automation of the sub-division process of the prepreg plies. The sub-division process of the prepreg plies accounts for approximately 20% of the total production preparation time. The produced informal model of the design process is used to produce a KBE application. With respect to the traditional prepreg sub-division process, a lead-time reduction of 75% can be gained using this KBE application. In contrast to the theoretical development time, the development time for the KBE system is equal to approximately six design cycles of the traditional prepreg ply sub-division process. The results of the KBE application in relation to the design made by the design engineer are highly accurate. The prepreg cutting waste can be reduced by 50% for the basic laminate of the panels.
I. Introduction
Knowledge is a vital component of engineering design. Significant reductions in costs and development time can be made if knowledge is captured from specialists and stored in a knowledge base. The contents of a knowledge base can be used in a number of ways: (i) to disseminate knowledge to other people in an organisation; (ii) to re-use knowledge in different ways for different purposes; (iii) to use knowledge to develop intelligent systems that can perform complex design tasks.
Although the benefits of capturing and using knowledge are manifest, it has long been recognised in the artificial intelligence (AI) community that knowledge is hard to acquire from specialists. The difficulties stem from a number of factors. First, specialists are not good at recalling and explaining everything they know. They have what is termed 'tacit knowledge' which operates at a subconscious level and is thus hard, if not impossible, to explain. Second, specialists have different experiences and opinions that require aggregating to provide a single coherent picture. Third, specialists develop particular conceptualisations and mental shortcuts that are not easy to communicate. Fourth, specialists use jargon and assume most other people understand the terminology they use. In addition to these difficulties are other problems associated with representing and storing knowledge, such as the grain size of the knowledge (general vs. specific) and the representational formalism (e.g. formal vs. semi-formal).
To deal with such difficulties, the field of Knowledge Engineering was born some 25 years ago, and the role of the knowledge engineer was created. Since that time, knowledge engineers have developed a number of principles, methods and tools that have considerably improved the process of acquiring, using and implementing knowledge. Knowledge engineers acknowledge that there are (i) different types of knowledge, (ii) different types of specialists, (iii) different ways of representing knowledge, (iv) different ways of using knowledge. They understand that the choice of the tools to use, and the approach towards acquisition, validation and re-use of knowledge, are vital factors for the success of any application of knowledge engineering in industry. Knowledge engineers use structured, model-driven methods to increase the efficiency and effectiveness of the knowledge engineering process.
Knowledge engineering methodologies, such as MOKA 1 , CommonKADS 2 and the 47-Step Procedure 3 , provide ways of conducting a project from start to finish and ensuring best practise along the way. Each methodology generally defines a number of project phases, a generic ontology, a pre-defined set of knowledge model formats (such as different forms of network diagrams) and an approach or strategy for acquiring, modelling and using the knowledge. Most knowledge engineering projects involve: (i) a scoping phase in which the project objectives and knowledge scope are defined in detail; (ii) a knowledge elicitation or knowledge acquisition (KA) phase, that often runs hand-in-hand with a knowledge modelling phase, (iii) a knowledge use or implementation phase. Each phase is characterised by its own set of tools and methods to support the work of the knowledge engineer.
The knowledge acquisition phase requires a significant degree of interaction between the knowledge engineer and the specialist. During this phase, the knowledge engineer uses techniques and tools to elicit tacit knowledge from discipline specialists. A diversity of knowledge acquisition tools is presented in the Knowledge Acquisition Matrix (Figure 1 ). During the knowledge modelling phase, the specialist's knowledge (elicited by various techniques) is represented in a knowledge model. A knowledge model is a structured representation of knowledge using symbols to represent pieces of knowledge and the relationships between them. Knowledge models include symbolic character-based languages such as logic, diagrammatic representations such as networks and ladders, tabular representation such as matrices and structured text such as hypertext. The generation and modification cycle of a knowledge model is an essential part of the knowledge modelling phase. The model helps to ensure that all stakeholders in a project understand the language and terminology being used and quickly conveys information for validation and modification where necessary. The knowledge models are also of great value during cross-validation with other specialists.
The use/implementation phase is supported by tools to communicate, manage and sustain the knowledge models. A variety of software tools are available and amongst them is PCPACK 4 . PCPACK is a software suite that can support all described phases of the knowledge engineering process. PCPACK is used by various industries including aerospace. The technologies included are based on established practices in AI and psychology. A graphical interface provides the user with ways to structure knowledge quickly and easily so that the formal language to construct the knowledge base is shielded from the user itself. PCPACK also provides a knowledge publishing function to transform the knowledge base into a web portal in order to facilitate redistribution of the modelled knowledge.
II. The approach to Knowledge Engineering
In order to explain the approach to Knowledge Engineering some definitions are introduced in this section.
A. Knowledge and Knowledge Engineering
What is knowledge? The usual answers are variations on a number of themes:
Knowledge is a highly-structured form of information; Knowledge is what is needed to think like an expert; Knowledge is what separates experts from non-experts; Knowledge is what is required to perform complex tasks All of these are useful ways of thinking about knowledge. Another way is to think in terms of this: Knowledge is a like a machine or an engine in a person's head (Milton, 2007) . What does this mean? It means that knowledge is an active thing that manipulates, transforms or creates something out of something else. Knowledge acts like a machine that takes in data and information at one end and spurts out decisions and actions at the other end. This idea can be put into a definition:
Just like a real machine, the knowledge machine in a person's head can only be completely understood if you know two things: (i) How it is structured, i.e. what components it is made from, and the ways they are linked together; (ii) How it operates, i.e. the ways in which the components behave and the processes that are happening. This is an important way in which we can view knowledge, as being about its structural components or about the processes that operate.
What types of knowledge are there? There are various ways of looking at knowledge and describing it as being one thing or another. Two important dimensions with which to describe knowledge are: (i) Procedural knowledge vs. Conceptual knowledge; (ii) Basic, explicit knowledge vs. Deep, tacit knowledge.
Procedural knowledge is the knowledge you would name if you were completing the sentence: "I know how to…". So if I say: "I know how to drive a car" then this type of knowledge is procedural. Hence, it is about processes, tasks and activities. It is about the conditions under which specific tasks are performed and the order in which tasks are performed. It is about the resources required to perform tasks and it is about the sub-tasks that are required. Conceptual knowledge is what you would say if you were completing the sentence: "I know that…". So if I say: "I know that a sports car goes faster than a lorry" then this type of knowledge is conceptual. Hence, it is about the ways in which things (which we call 'concepts') are related to one another and about their properties. An important form of conceptual knowledge concerns taxonomies, i.e. classes and class membership. Hence, taxonomic knowledge is about answering the question: "What sort of thing is a…?". For example: What sort of thing is a dolphin?. Another type of conceptual knowledge is about the attributes of concepts.
Basic, Explicit Knowledge is the type of knowledge is at the forefront of a specialist's brain and is thought about in a deliberate and conscious way. It is concerned with basic tasks that a specialist performs, basic relationships between concepts, and basic properties of concepts. This type of knowledge is not too difficult to explain and is the sort of thing that is taught in classrooms and lecture theatres. Deep, Tacit Knowledge is at the other extreme to basic, explicit knowledge. It is knowledge that is thought about at the back of one's brain, in what some people call the 'subconscious'. It is often built up from experiences rather than being taught. Hence, it is the sort of knowledge that someone gains when they practice something. It often leads to automatic activities that seem to require no thought at all (at least no conscious thought). It is described in everyday words and phrases such as 'gut feel', 'hunches', 'intuition', 'instinct' and 'inspiration'. An example of tacit knowledge is driving a car, which experienced drivers can do 'without thinking' but learner drives find difficult because they lack the deep, tacit knowledge.
It is a key element of a knowledge engineering project that the type of knowledge is identified so that the most appropriate techniques are used to elicit the knowledge from a specialist and the most appropriate knowledge model is used.
B. Knowledge Acquisition Tools
Knowledge engineers make the process of acquiring, modelling and storing knowledge more efficient and less prone to errors by using dedicated software tools. PCPACK 4 is the comprehensive of such tools. It is used for creating a knowledge base and then using this to produce an end-product such as a knowledge document, a knowledge book or a knowledge web. PCPACK is the support tool for the MOKA and CommonKADS methodologies.
The roots of PCPACK lay in research work performed in AI and Psychology. Hence, it is a tool that is fully consistent with the methods and techniques of knowledge engineering. PCPACK is a suite of tools that include the following:
Protocol tool: this allows the marking-up of interview transcripts, notes and documentation to identify and classify knowledge elements to be added to the knowledge base; Ladder tool: this facilitates the creation of hierarchies of knowledge elements such as concepts, attributes, processes and requirements; Diagram tool: this allows the user to construct compact networks of relations between knowledge elements, such as process maps, concept maps and state-transition diagrams; Matrix tool: this allows grids to be created and edited that show relations and attributes of knowledge elements; Annotation tool: this allows sophisticated annotations to be created using dynamic html, with automatically generated links to other pages and to other knowledge models in PCPACK; Publisher tool: this allows a web site, or other information resource, to be created from the knowledge base using a template-driven approach that maximises re-use.
C. Application of Knowledge Engineering methodologies in Aerospace
The increased significance of the weight and life-time cost of aircraft have stimulated the feasibility and development of hybrid laminates as a replacement for aluminium in skin panels for the civil aerospace sector. At Stork / Fokker AESP one of the core competences has become the design and manufacturing of Fibre Metal Laminate (FML) fuselage skin panels for the civil aerospace sector.
Considering the complexity and the shear size of the products, manufacturing of the skin panels requires division of the glass fibre layers into separate strips in the engineering model. Due to the iterative and predetermined nature of this process, the conventional design process can be accelerated by using Knowledge Based Engineering (KBE), taking advantage of the established, corporate knowledge about the product and processes.
As a structured approach to building the KBE application, the Methodology and Tools Oriented to Knowledge Based Engineering Applications (MOKA 1 ) has been applied. The development lifecycle according to MOKA is shown in Figure 2 , provides a consistent way of capturing and representing product and process knowledge, supports the development and maintenance of the KBE application and allows for the incorporation of engineering information into the models. After the identification and the justification of the development of possible KBE applications, the Knowledge Engineering tool PCPACK has been utilised for the purpose of capturing and formalising the domain knowledge involved in the engineering glass fibre division process. 
III. A Practical Knowledge Engineering Example
This section describes a practical application of knowledge engineering using the tools and methods discussed. The practical application is performed at Stork Fokker AESP in The Netherlands 5 and focuses on the design process of Fibre Metal Laminates (FML) panels.
Fibre Metal Laminates are a member of the hybrid materials family, currently being developed for applications in primary aircraft structures. A FML consisting of alternating layers of aluminium and unidirectional glass fibres pre-impregnated with epoxy resin is called Glare (Figure 3) 6,7 . Glare is developed for the skin panels of the front and aft fuselage section of the Airbus A380. Some of the biggest panels measure 10 by 3.5 metres. From an engineering point of view FML structures are like composite structures, where, besides the structure, the material (the laminate) itself has to be designed. The laminate parameters can be tailored to achieve locally an optimum structure. The constraints to this tailoring process (automatic search) are various. Among it are manufacturing constraints which set limits on the dimensions of the aluminium and prepreg layers in the FML. The region where aluminium sheets are overlapped is called the splice area.
The splice area induces many requirements to the manufacturing process. For example, requirements describe the riveting of the FML skin panel to the aluminium back-up structure. For these splice areas a minimum distance between a rivet and a free aluminium edge should be accounted for. Since the position of the back-up structure (frame) is fixed by higher level design constraints, the locations and the dimensions of the splice areas will have to be altered until these rivet requirements are satisfied. In turn, shifting the position of the splice areas to satisfy the constraints for one frame may result in violated constraints in other frames. This results in an iterative process that needs to converge before it can be solved. 
A. Current FML Skin Panel Engineering Process
The current engineering process at Stork Fokker for Glare panels consists of several consecutive phases and are shown in Figure 5 . After establishing the requirements on the Glare panel an initial preliminary design ( Figure 6 ) is made to check the placement of the various splice areas. After the preliminary design a full-scale development phase is started, resulting in a detailed Glare panel design (Figure 6, Figure 7 ), followed by a production preparation phase. The output from the detailed design and production preparation phase results in a product definition dossier. The product definition dossier is the baseline for starting the series production of the specific Glare panel.
In the next section some tasks within the full-scale development phase are analysed on the applicability for providing solutions using KBE methods. 
B. Applicability of the design process tasks to solve using Knowledge Engineering
To identify what part of the design process is applicable to address using knowledge engineering methods a survey is performed. A repetitive or time-consuming process step can be efficiently automated by applying KE principles if the knowledge involved in the process step can be formalised in rules. Given the various process steps described in the previous section, a number of possible KBE applications can be identified and evaluated against the following criteria:
Is the process step a routine process step? Is the process step based on formalised rules? Is the process step complex and (therefore) iterative? What is the lead-time of the process step (qualitative)? What will be the return on investment for a KBE application (qualitative)?
The first opportunity to apply KBE is the creation of the Product Definition Dossier (PDD) from the detailed design during the full-scale development phase. This process step is very time consuming, however the complexity is low: creating the PDD does not involve much engineering knowledge, it therefore is considered to be a highly routine design tasks, based on formalized rules. The return on investment expressed in reduction in lead-time will be high.
The second identified opportunity is the sub-division of the prepreg plies into strips during the production preparation phase (Figure 7) . The sub-division of the prepreg plies is a formalised and very complex process, since the prepreg strip edges are exposed to a large number of constraints, such as no-go areas (splice areas) and a maximum strip width. The prepreg ply sub-division can be classified as a constraint satisfaction problem, since the main concern is to find a solution satisfying all constraints. The prepreg sub-division is an iterative process step, accounting for approximately 60% of the production preparation time devoted to the covering model, more than 20% of the total production preparation time. The possible reduction in lead-time will be very high. The third possible KBE application is the modelling of the adhesive bond films, also part of the production preparation phase. A highly repetitive process step based on formalised rules where the creative input required from the engineers is low. Like the generation of the PDD, the re-modelling of the adhesive bond films is a highly routine step. The duration of the modelling of the adhesive bond films is moderate; therefore the return on investment will be moderate. The selection criteria for the above three possible KBE applications are summarised in Table 1 . With respect to the optimisation of the FML design process, it can be concluded that the most beneficial KBE application will be automating the sub-division process of the prepreg plies. Goal of the KBE system is to reduce the engineering time as well as to optimise the cost of the product.
After the identification and the justification of the development of the most beneficial KBE application, the expert knowledge involved in the sub-division process will be captured, validated and documented by the knowledge engineer before it can be reused in the KBE system. This knowledge acquisition process can be divided into three phases, as represented in Figure 8 . Together the three phases form an iterative process, which will result in a comprehensive knowledge base consisting of the domain expert knowledge, interrelated and described in detail using annotations, attributes and example illustrations. If necessary, the knowledge model will be modified. Considering the different types of domain experts and knowledge and the different ways of representing and reusing knowledge, it can be concluded that the approach towards collection, representation and validation of knowledge is an important factor for the success of any application of knowledge engineering. For that reason the knowledge acquisition process is prepared thoroughly by the knowledge engineer.
Elicitation of expert knowledge
Once the knowledge engineer is familiar with the engineering process the modelling environment and the ontology of the Glare fuselage panels, the collection of the raw knowledge, the knowledge rules as applied by the domain experts, is prepared. Since Glare is the one of the first applications of large scale, FML products being applied in primary aircraft structures, the design and manufacturing process is not yet fully documented. Therefore the knowledge engineer needs to acquire most product and process knowledge from the domain experts using several different knowledge elicitation techniques. An interview schedule is prepared by the knowledge engineer in corporation with the domain experts.
Initial acquisition
During the first meeting the knowledge engineer explains the purpose of KBE, the MOKA project and the objectives of the knowledge collection phase to the domain experts. If the domain experts are familiar with the ontology and the scope and objectives of the KBE system, the elicitation rate is likely to be higher 1 : the domain experts know the types of knowledge elements the knowledge engineer is expected to collect.
During a second meeting, the domain experts start with an introductory lecture on the subdivision process for the prepreg plies. The domain experts explain the application of the constraints from the documentary, e.g. the Manufacturing Principles, and discuss the top-level flow diagram of the process as described in the production preparation handbook. For the knowledge engineer, the acquired knowledge forms the basis for the initial structure of the knowledge base.
In-depth acquisition
With an initial structure for the knowledge base completed, the knowledge engineer and the domain experts start to explore small modules of knowledge in greater depth. This phase is called the in-depth acquisition. The selected modules of knowledge are formed by the process steps from the top-level flow diagram. However, the modules do depend on the number of steps, called activities, each top-level process step includes.
Most of the explicit knowledge, knowledge that the domain experts hold explicitly and consciously in mental focus, is collected during a series of case study analyses. The domain experts solve an example problem by following the process steps for the current knowledge module. Using this Case Study Analysis approach, the explicit knowledge involved in the steps can be clearly understood from the geometrical modelling environment, where each activity or part is represented by an event or element. It is important that the domain experts think aloud or provide commentary with every activity, so the knowledge engineer is able to define the rules that describe the problem solving strategy.
C. Validation of expert knowledge
Following each completed Case Study Analysis, the knowledge will be written into a paper review of the meeting. Using the paper review, the knowledge engineer describes the expert problem solving strategy to the domain experts. This knowledge elicitation method is called teach-back, and is used primarily to verify the explicit knowledge.
The paper review will also be used by the knowledge engineer to raise questions about the solution finding approach and the consequences of the rules applied. This elicitation method can be considered a focussed interview. The objective of the questions during a focussed interview is to elicit tacit knowledge from the domain experts. Tacit knowledge is knowledge that the domain experts apply subconsciously and is, therefore, difficult to access. It can be stated that for the validation of the expert knowledge a combination of teach-back and focussed interviews is conducted.
D. Structuring expert knowledge
If the knowledge collected during the elicitation phase is validated, it is structured in a digital knowledgebase using PCPACK, a software tool supporting all three phases of the knowledge acquisition process.
PCPACK is an integrated suite of seven knowledge tools designed to support the acquisition and reuse of knowledge. PCPACK is able to support various methodologies such as the MOKA methodology and is applied by various industries including aerospace. A Graphical User Interface (GUI) enables the knowledge engineer to structure knowledge into the knowledge model using a modular built-up, based on an established engineering ontology. Since PCPACK supports the methodology of the MOKA project, the MOKA ontology will be used to describe the different types of knowledge elements involved in the prepreg ply sub-division process. PCPACK also provides a publishing function to transform the knowledge base into a web portal in order to facilitate redistribution and reuse of the modelled knowledge.
The ontology defined by the MOKA project provides templates known as ICARE forms to classify the knowledge elements into five categories: Illustrations, Constraints, Activities, Rules and Entities. Each form has a distinct template with separate fields for recording the specific parts of the associated knowledge element. The forms are hyper linked to related knowledge elements. Using the ICARE forms PCPACK enables the knowledge engineer to build hierarchical diagrams (ladders) and activity diagrams of the prepreg ply sub-division process in a standard format. The collection of diagrams is called the Informal Model and provides a modular and graphical model of the prepreg ply sub-division process, see Figure 9 . The informal model is the first representation of the domain expert knowledge and is used to validate the knowledge acquisition as described above. 
E. KBE application
The actual KBE application that supports the design engineer expert in producing a design with an optimum division of the prepreg plies is produced in CATIA V5 8 . The basis for this application is the acquired knowledge from the expert captured in the informal knowledge model. The CATIA environment forms a familiar interface to the expert and an interface to the KBE application is provided and shown in Figure 10 . The KBE application automates parts of the traditional design process as captured in the informal model. It uses optimisation techniques to come to a solution that can be evaluated by the design engineer. The design engineer is closely involved in evaluating the final design produced by the KBE system. If needed the design engineer can choose between different solutions that is found by the KBE system. It is important to do this as it enables the designer to remain confident in the capabilities of the KBE application.
IV. Results
The development of the informal model and the KBE system takes more time than it does to create a single design using the traditional design approach. For the example, developing the KBE system for the prepreg ply subdivision process took approximately 16 manweeks. Compared to the traditional prepreg ply sub-division process the development time of the KBE system is equivalent to 6 design cycles of the prepreg ply sub-division process, see Figure 11 .
The graph shows that within the time span needed for 10 traditional design cycles, almost 100 design can be made using the KBE application. A significant increase in efficiency of the design engineering, reducing the amount of repetitive work and providing time to work on difficult problems. With respect to the traditional design process a lead-time reduction of 75% can be gained by employing the KBE application. It is calculated 5 that a recurring cost reduction is gained after 8 design cycles. To compare the performance of the KBE application and the designer several real-life Glare panel designs are evaluated. The result of this comparison of performance is made equivalent and presented in Table 2 . It can be concluded from this table that the performance of the KBE system is equivalent and in places better than the performance of the design engineer for this panel and subsequent panels.
Most notably the reduction of cutting waste in the 90 degrees prepreg plies is significant, resulting in a lower cost per Glare panel. 
V. Conclusion
The tools discussed in the first two sections of the article are used in the example of the FML design process described in sections III and IV.
Amongst the repetitive or time-consuming steps of the current FML engineering process, various opportunities for KBE applications are identified. The most beneficial KBE application is the automation of the sub-division process of the prepreg plies. The sub-division process of the prepreg plies accounts for approximately 20% of the total production preparation time.
The prepreg sub-division process based on the KBE system requires 4 to 4 ½ hours per panel to divide the prepreg plies in both fibre directions. With respect to the traditional prepreg subdivision process, a lead-time reduction of 75% can be gained, greatly decreasing the nonrecurring cost for the Glare fuselage skin panels. In contrast to the theoretical development time, the development time for the KBE system is equal to approximately 6 design cycles of the traditional prepreg ply sub-division process.
